ABSTRACT An experiment was conducted to study the effects of inclusion of a wheat cultivar (high in nonstarch polysaccharides) and xylanase supplementation of the diet on productive performance, pH of the gastrointestinal tract, nutrient retention, and intestinal enzyme activity of Hy-Line W-36 laying hens from 25 to 47 wk of age. The experiment was completely randomized with 8 treatments arranged factorially with 4 levels of wheat (0, 23, 46, and 69%) that corresponded to a dietary arabinoxylan content of 3.0, 3.3, 3.6, and 3.9%, with or without xylanase supplementation. Each treatment was replicated 5 times. For the entire experimental period, egg weight (P < 0.05) and egg mass (P < 0.01) were reduced and the feed conversion ratio was hindered (P < 0.05) with increased levels of wheat in the diet, but ADFI and egg production were not affected. Xylanase supplementation improved egg production (P < 0.05), egg mass (P < 0.01), and the feed conversion ratio (P < 0.01). Diet did not affect egg quality at any age, except for shell thickness at 47 wk that was improved with xylanase supplementation (P
INTRODUCTION
Corn is the main energy source in poultry diets worldwide. Because of availability, wheat is also used, although the level of inclusion is limited often because of its variable chemical composition and high nonstarch polysaccharide (NSP) content (Ordaz-Ortiz and Saulnier, 2005) . Enzyme supplementation of wheat diets is a common practice in commercial feeding of poultry (Lázaro et al., 2003a; Roberts and Choct, 2006) . In general, enzyme supplementation increased egg production and nutrient digestibility and improved the feed conversion (FCR; Wyatt and Goodman, 1993; Lázaro et al., 2003b) . However, Mathlouthi et al. (2003) failed to demonstrate any beneficial effect of enzyme supplementation on egg production or egg weight of ISA Brown laying hens fed a wheat and barley diet. Similarly, Pan et al. (1998) did not observe any benefit of enzyme supplementation of diets based on wheat and rye on performance of Single Comb White Leghorn (SCWL) hens. The reasons for the discrepancies among authors are not known but probably depend on the characteristics of the wheat used and the enzyme sources and their < 0.05). Digesta pH of the different organs of the gastrointestinal tract was not affected by wheat inclusion or xylanase supplementation. Ileal viscosity increased (P < 0.001) with wheat inclusion and decreased (P < 0.001) with xylanase supplementation at all ages. Fat digestibility (P < 0.001) decreased with increased levels of wheat but AME n content of the diets (P < 0.05) and nitrogen retention were not affected. Wheat inclusion increased (P < 0.001) amylase (33 wk), lipase (33 wk), and aminopeptidase (47 wk) activity in the duodenum as well as lipase activity in the jejunum at 47 wk of age. However, xylanase supplementation did not affect the activity of any of the enzymes studied. It is concluded that most of the negative effects of wheat inclusion in the diet were reduced or even disappeared with xylanase supplementation. Wheat with a high nonstarch polysaccharide content (Pishtaz cultivar) can be used at levels of up to 69% in laying-hen diets without negatively affecting bird performance, provided that feeds are supplemented with xylanase. associated activities. Starch is the main component of wheat but its nutritional contribution to the diet depends on the proportion of amylose and amylopectin as well as the amount of resistant starch present (McCleary, 2003) . In addition, the NSP content of wheat, especially of arabinoxylans (pentosans), is variable depending on factors such as cultivar, environmental factors, and storage conditions after harvest (Gutierrez del Alamo et al., 2008a) . In contrast to broilers, only limited research has been conducted on the influence of NSP content and xylanase supplementation of the diet on pH of the gastrointestinal tract (GIT) and intestinal enzyme activity in laying hens. The current experiment was designed to study the effects of xylanase supplementation of the diet on productive performance, pH of the digesta content of the different organs of the GIT, ileal viscosity, nutrient retention, and intestinal enzyme activity of laying hens fed diets with increased levels of a wheat cultivar with a high d-xylose content from 25 to 47 wk of age.
MATERIALS AND METHODS
Samples (3 kg) of 19 wheat cultivars widely grown in Iran were obtained from the Seed and Plant Institute of Karaj (Ministry of Agriculture, Karaj, Iran) and assayed for d-xylose and β-glucan content using the d-xylose and the mixed-linkage β-glucan assay kits, respectively (catalog number K-XYLOSE and K-BGLU, respectively, Megazyme International, Wicklow, Ireland) . From all of these samples, the Pishtaz cultivar was chosen for the in vivo laying-hen study because of its high d-xylose content.
Husbandry, Diets, and Experimental Design
All experimental procedures used were approved by the Animal Welfare Committee of the Department of Animal Science, University of Tehran. In total, 240 SCWL pullets (Hy-Line W-36) with an initial age of 20 wk and a BW of 1,254 ± 13 g was obtained from a commercial flock and allocated at random into groups of 2 into 120 cages (40 × 40 cm) with 2 nipple drinkers and an open trough feeder each. From 12 to 20 wk of age, pullets were fed a commercial corn-soybean meal diet, and from 20 wk of age to the start of the experiment (25 wk of age), a common standard diet containing 2,800 kcal of AME n /kg, 0.75% Lys, and 0.6% Met + Cys. At 25 wk of age, 3 adjacent cages were assigned at random to 8 experimental treatments (5 replicates of 6 pullets each) and hens were fed their corresponding experimental diets. The feeding program consisted of 2 periods: 25 to 33 wk and 33 to 47 wk of age. Within each period, all of the diets were formulated to be isonutritive according to Hy-Line International (2007) recommendations. Feed, in mash form, and water were provided for ad libitum consumption. Light was provided for 16 h daily and the temperature of the barn was maintained at 23 ± 4°C throughout the experiment. The experiment was conducted as a completely randomized design with 4 levels of wheat (0, 23, 46, and 69% ) that corresponded to a dietary arabinoxylan content of 3.0, 3.3, 3.6, and 3.9%, with or without xylanase supplementation. The Pishtaz cultivar (3.0% dxylose on DM basis) was the wheat used in these diets in substitution of corn. Adequate changes in ingredient composition were made to maintain constant the nutrient content of the diets within each period. The exogenous enzyme used was a xylanase produced by Tricoderma langibrachiatum CNCM MA6-10W (Batch number 4278, Safizyme XP 20, Lesaffre, Marquette-lezLille, France). The commercial product had by analysis a xylanase activity of 70,100 U/g and the unit of activity was defined as the amount of enzyme that released 1 μM of reducing sugars per minute at a pH of 4.8 and a temperature of 50°C. The enzyme preparation was added to the experimental diets at increased doses depending on the amount of wheat used, as recommended by the supplier (12, 14, 20 , and 28 g/t of feed that corresponded with a xylanase activity of 840, 980, 1,400, and 1,960 U/kg of feed, respectively). The enzyme was added at expense of the whole diet.
Laboratory Analysis
The d-xylose and β-glucan contents of the wheat, corn, corn-gluten meal, and soybean meal used, as well as the d-xylose content of the experimental diets, were analyzed using commercial kits (Megazyme International). The arabinoxylan content was calculated by using the equation proposed by Megazyme International: arabinoxylan = d-xylose (%) × 100/62. The amylose and the resistant and nonresistant starch content of wheat, corn, and corn-gluten meal were analyzed using the corresponding assay kit of Megazyme International (catalog number K-AMYL and K-RSTAR, respectively) as indicated by Gibson et al. (1997) and by McCleary and Monaghan (2002) , respectively. Total starch was calculated by adding resistant and nonresistant starch. Ingredients, feeds, and excreta samples were analyzed (n = 3) for DM by oven-drying (method 930.01, AOAC International, 2000) and for nitrogen by combustion (method 990.03) using an Leco, St. Joseph, MI) . Total ash content of the diets was determined by muffle furnace (method 942.05, AOAC International, 2000) and Ca by spectrophotometry (method 968.08, AOAC International, 2000) . Crude fiber content of the ingredients was determined by sequential extraction with diluted acid and alkali (method 962.09, AOAC International, 2000) . In addition, ether extract of ingredients and diets were determined by Soxhlet fat analysis (method 4.b) after 3 N HCl acid hydrolysis, as indicated by Boletín Oficial del Estado (1995) . Gross energy of diets and excreta was determined using an isoperibol bomb calorimeter (model 1356, Parr Instrument Company, Moline, IL). The chemical composition of the main ingredients used is shown in Table 1 and the ingredient composition and calculated and determined nutritive value of the diets are presented in Table 2 .
Productive Performance and Egg-Quality Measurements
Egg production and egg weight were recorded daily and feed intake was recorded every 4 wk. Body weights of the hens were measured at 25 and 47 wk of age, coinciding with the beginning and the end of the experiment. This information was used to calculate ADFI, egg production, egg mass, and FCR per kilogram of eggs by period and cumulatively. Egg quality was measured in 6 eggs per replicate produced the last day of each feeding period (33 and 47 wk of age), and the average value for each period was used for further analysis. The eggs were individually weighed and the external and internal quality was determined. The shell was separated from the yolk and albumen and weighed after drying overnight at 60°C as indicated by Grobas et al. (2001) . Shell thickness was measured using a digital micrometer (Echometer 1061, Robotmation Company, Tokyo, Japan), and albumen height was determined with an electronic height gauge (Futura Company, Lohne, Germany). Haugh units were calculated from egg weight and albumen height as indicated by Haugh (1937) .
Total Tract Apparent Retention of Nutrients and pH of the GIT
At 33 wk of age and at the end of the experiment (47 wk), one bird randomly selected per each replicate (n = 5) was placed in an individual metabolic cage (40 × 40 cm) and fed their respective experimental diets for 1 wk. Representative samples of excreta were collected during the last 2 d, thawed overnight, dried (60°C for 72 h), homogenized, and ground (1 mm). The total tract apparent retention of nitrogen and fat and the AME n of the diets were determined as indicated by García et al. (2008) . At the end of the metabolism study, the hens were killed using thiopental sodium (15 mg/kg of BW, Sandoz GmbH, Kundl, Austria) and the GIT with the digesta contents were removed aseptically. Prior to digesta emptying, the crop, gizzard, duodenum (from the gizzard to the entry of the bile and pancreatic ducts), jejunum (from the end of duodenum to cranial Meckel's diverticulum), ileum (from after Meckel's diverticulum to the ileocecal junction), and ceca were clamped to avoid the mixing of the digesta, and the pH was measured using a digital pH meter (Corning Glass Works, Medfield, MA). The fine tip of the glass electrode was sterilized and gently introduced in each section, and the pH was recorded twice as indicated by Pang and Applegate (2007) . The mean of the 2 measurements was used for statistical evaluation of the data.
Ileal Viscosity and Intestinal Enzyme Activities Determination
At the end of each of the 2 experimental periods (33 and 47 wk of age), an extra hen from each replicate (n = 5) was separated, fasted overnight, and fed their corresponding experimental diets for 3 h. Then, the hens were killed (as indicated previously) and the ileal digesta were collected and homogenized. Two Eppendorf tubes were filled (1.5 g) with ileal digesta and centrifuged (4°C, 3,000 × g, 15 min) and the viscosity of the supernatant (1 mL) was measured at 25°C using a digital viscosimeter (Brookfield, DV-III, Brookfield Engineering Laboratories Inc., Stroughton, MA) as indicated by Lázaro et al. (2003a) . Then, each segment of the GIT was excised and the contents were removed by gentle flushing with a buffered phosphate-saline solution at pH 7.4. To prevent mucosa damage and endogenous enzyme degradation, samples (2.5 cm) from the mid-region of the duodenum, jejunum, and ileum were kept on ice during the preparation process. The samples were wrapped in aluminum foil, snap-frozen in liquid nitrogen, and stored at −80°C, as indicated by Shirazi-Beechey et al. (1991) , until biochemical assays were performed.
The enzyme activities analyzed were chosen on the basis of the concentration of their substrates (starch, CP, and lipids) in standard poultry diets. The specific activities of amylase (EC 3.2.1.1), lipase (EC 3.1.1.3), and aminopeptidase (EC 3.4.11.2) were assayed in homogenized tissue in the duodenal, jejunal, and ileal regions (SilentCrusher M, Heidolph Instruments, GmbH & Co., Schwabach, Germany) as indicated by GalGarber and Uni (2000) . Briefly, the homogenates were centrifuged at 3,500 × g for 30 min at 4°C, the supernatants were collected, and the activities of the digestive enzymes were assayed. Amylase activity was measured using soluble starch as a substrate, as described by Bernfeld (1955) . Briefly, the mixture of supernatant and substrate was incubated at 40°C for 60 min, and 3,5-dinitrosalicylic acid (Sigma Chemical Co., St. Louis, MO) containing 2 N NaOH was used to stop the reaction. Maltose was determined by staining and color intensity was measured using a double-beam spectrophotometer (UV 4802, Zhejiang Scientific Instruments and Materials, Hangzhou, China) at 530 nm. One unit of α-amylase activity was defined as the amount of enzyme that produced 1 mg of maltose per min at 40°C. Lipase activity was measured as described by Teng and Xu (2007) using para-nitrophenyl palmitate (L-9125, Sigma Chemical Co.) as a substrate. Briefly, the mixture of supernatant and substrate was incubated at 39°C at a shaking speed of 200 rpm for 30 min. Then, after settling of the reaction mixture, 120 μL of the clear supernatant was taken and mixed immediately with 500 μL of 0.4 M NaOH in a cuvette. The nitrophenol released was measured at 410 nm using the same spectrophotometer as for maltose measuring. The unit of enzyme activity was defined as the amount of enzyme liberating 1 μmol of p-nitrophenol per min. Aminopeptidase activity was determined as described by Gal-Garber and Uni (2000) using l-leucine-p-nitroanelide (L-9125, Sigma Chemical Co.) as a substrate. Briefly, the substrate was hydrolyzed to p-nitroaniline and l-leucine. The reaction time was 30 min at 39°C. The p-nitroaniline was determined by staining, and the intensity of the color was measured spectrophotometrically at 410 nm. One unit of aminopeptidase activity was defined as the production of 1 Mmol of p-nitroaniline per min from the l-leucinep-nitroanelide substrate. The protein content of the intestinal samples was measured according to the method described by Bradford (1976) and the data were used to calculate specific enzyme activities. Protein content of the tissue samples in the reaction mixtures was determined by Coomassie Blue using BSA (Sigma Chemical Co) as a standard. Data on enzyme activities were expressed in units per milligram of protein of intestinal tissue.
Statistical Analysis
The experiment was conducted as a completely randomized design with 8 treatments in a 4 × 2 factorial arrangement and the main effects (level of wheat inclusion and xylanase supplementation of the diet) were analyzed by ANOVA using the GLM procedure of SAS Institute (1990; Steel and Torrie, 1980) . No significant interactions between main effects were observed for any of the traits studied and, therefore, the interaction was removed from the model and pooled into the error term. When the main effect was significant, the Tukey test was used to make pairwise comparisons among sample means. Linear and quadratic effects for the response to wheat level were performed by using orthogonal contrasts. For egg-quality traits (pH of the GIT, ileal viscosity, and intestinal enzyme activity) age was included in the model as a third factor. All differences were considered significant at P ≤ 0.05.
RESULTS
The d-xylose content of the 19 wheat cultivars studied varied from 2.4 to 3.0% DM, with the highest level recorded for the Pishtaz cultivar. The β-glucan content was low and varied from 0.9 to 1.2%. The d-xylose content was 3.0, 2.1, 1.0, and 1.3% for wheat, corn, corn-gluten meal, and soybean meal, respectively. The amount of resistant starch was higher for wheat than for corn or corn-gluten meal (2.8, 1.1, and 0.6%, respectively).
Productive Performance and Egg Quality
No interaction between arabinoxylan content of the diet and xylanase supplementation were observed for any of the traits studied, therefore, only main effects are presented. For the entire experimental period, ADFI, egg production rate, and BW gain were not affected by wheat inclusion in the diet (Table 3) . However, egg weight (P < 0.05) and egg mass (P < 0.01) decreased with increased levels of wheat. Also, the FCR was hindered with wheat inclusion, with the poorest feed efficiency observed for the diets containing 69% wheat (P < 0.05). Xylanase supplementation improved egg production, egg mass output, and FCR per kilogram of eggs (P < 0.01) but did not affect ADFI or egg weight. From 25 to 33 wk of age, an increase in the level of wheat in the diet reduced egg weight (P < 0.001) and egg mass (P < 0.001) and negatively affected FCR (P < 0.01). From 33 to 47 wk of age, wheat inclusion reduced egg weight (P < 0.05) and egg mass (P < 0.05) but did not affect FCR. Xylanase supplementation improved (P < 0.05) egg mass production in both periods as well as egg production (P < 0.05) and FCR (P < 0.05) from 33 to 47 wk of age. Shell weight and percentage of shell of the eggs were higher (P < 0.001) at 47 than at 33 wk of age, but Haugh units and shell thickness were lower (P < 0.001) at 47 wk of age (Table 4) . Dietary treatment did not affect any of the egg-quality traits studied, except shell thickness at 47 wk of age, which was improved with xylanase supplementation (P < 0.05).
pH of the GIT, Ileal Viscosity, and Total Tract Apparent Retention of Nutrients
The pH values of the different segments of the GIT were higher at 47 than at 33 wk of age but were not affected by dietary treatment (Table 5 ). Ileal viscosity was higher at 47 than at 33 wk of age and increased with wheat inclusion. However, ileal viscosity was reduced (P < 0.001) with xylanase supplementation (Table 6 ). The total tract apparent retention of ether extract decreased (P < 0.001) with wheat inclusion but was improved (P < 0.05) with xylanase supplementation. The AME n and nitrogen retention were not affected by diet.
Intestinal Enzyme Activity
The activity of all of the enzymes studied were higher (P < 0.001) in all of the segments of the small intestine at 47 wk than at 33 wk of age (Tables 7 and 8) . Amylase activity was not affected by dietary treatment, except in the duodenum at 33 wk of age that increased (P < 0.001) with wheat inclusion. Similarly, lipase activity increased with wheat inclusion in the duodenum (P < 0.01) and the jejunum (P < 0.001) but not in the ileum. Aminopeptidase activity in the duodenum (P < 0.001) and jejunum (P < 0.05) increased as the level of wheat in the diet increased, but that of the ileum was not affected. Xylanase supplementation did not affect enzyme activity in any of the segments of the small intestine.
DISCUSSION

Productive Performance and Egg Quality
For the entire experimental period, egg weight and egg mass decreased with increasing level of wheat. Kim et al. (1976) reported that SCWL hens fed a corn diet from 21 to 43 wk of age had higher ADFI and pro- Means within a row with different superscripts are significantly different (P < 0.05).
1
The enzyme preparation by analysis contained 70,100 U of xylanase/g (Lesaffre, Marquette-lez-Lille, France). The amount of xylanase added was 840, 980, 1,400, and 1,960 U/kg of feed for diets containing 0, 23, 46, and 69% wheat, respectively. The enzyme was added at expense of the whole diet.
2 SEM: 5 replicates of 6 hens per treatment from 25 to 33 wk and 5 replicates of 4 hens per treatment from 33 to 47 wk of age.
3
All of the 2-way interactions were not significant (P > 0.05), were pooled into the error term of the model, and are not reported.
4
Feed conversion ratio was calculated as grams of feed per gram of egg mass.
duced heavier eggs than hens fed a wheat diet but that BW and egg production were not affected. In contrast, Lázaro et al. (2003a) and Safaa et al. (2009) reported no differences in productive performance when 50% corn was substituted by soft wheat in diets for SCWL Hy-Line W-77 and Lohman brown hens from 20 to 44 wk of age, respectively. Similarly, Ciftci et al. (2003) did not observe any effect on laying-hen performance when 30% corn was substituted by wheat in SCWL hens from 27 to 43 wk of age. The reasons for the inconsistencies among authors are not known but might be related to the type of wheat used and the strain of bird employed in the study as well as the characteristics of the experimental diets. For example, in the current trial, the inclusion of wheat in the substitution of corn in the diets fed from 25 to 33 wk of age resulted in a reduction in the level of linoleic acid from 1.5% in the all-corn diet to 0.7% in the 69% wheat-containing diet, a decrease that might be responsible for the reduction in egg weight observed (Grobas et al., 1999a,b Means within a quality characteristic with different superscripts are significantly different (P < 0.05). 1 The enzyme preparation by analysis contained 70,100 U of xylanase/g (Lesaffre, Marquette-lez-Lille, France). The amount of xylanase added was 840, 980, 1,400, and 1,960 U/kg of feed for diets containing 0, 23, 46, and 69% wheat, respectively. The enzyme was added at expense of the whole diet.
2 SEM: 5 replicates of 6 hens per treatment from 25 to 33 wk and 5 replicates of 4 hens per treatment from 33 to 47 wk of age. 3 All of the 2-way interactions were not significant (P > 0.05), were pooled into the error term of the model, and are not reported. The enzyme preparation contained by analysis 70,100 U of xylanase/g (Lesaffre, Marquette-lez-Lille, France). The amount of xylanase added was 840, 980, 1,400, and 1,960 U/kg of feed for diets containing 0, 23, 46, and 69% wheat, respectively. The enzyme was added at expense of the whole diet.
2 SEM: 5 replicates of 6 hens per treatment from 25 to 33 wk and 5 replicates of 4 hens per treatment from 33 to 47 wk of age. 3 All of the 2-way interactions were not significant (P > 0.05), were pooled into the error term of the model, and are not reported.
wheat also resulted in a decrease in egg weight, but the magnitude was smaller than that observed in the previous phase. Probably, the relative higher linoleic acid content of the high-wheat diets in this period together with the higher ADFI of the hens (97.8 vs. 89.0 g/hen per day as an average) minimized the negative effects of low linoleic acid of the diet on egg weight (Grobas et al., 1999c) . Xylanase supplementation increased egg production and egg mass and improved the FCR per kilogram of eggs throughout the experimental period, with the benefits being more pronounced during the first stage of the laying period. Xylanase supplementation of high-NSP diets might improve hen performance by reducing digesta viscosity and accelerating transit time, which in turn may increase feed intake and improve nutrient digestibility (Mateos et al., 2002; Lázaro et al., 2003b; García et al., 2008) . Egg weight was not affected by xylanase supplementation, in agreement with results of Roberts and Choct (2006) , who did not observe any effect of enzyme supplementation on egg weight in hens fed diets based on wheat, barley, or triticale. In contrast, Brufau et al. (1994) and Francesch et al. (1994) reported increases in egg weight with enzyme supplementation in young hens fed barley diets. The information available on the effects of enzyme supplementation of the diet on egg-quality traits, other than percentage of dirty eggs, is scarce. Most reports indicated that enzyme supplementation reduced the incidence of dirty eggs, a consequence of its effects on digesta viscosity Lázaro et al., 2003a ). In the current research, digesta viscosity was reduced with enzyme supplementation, but we did not measure the incidence of dirty eggs. Dietary treatment did not affect any of the quality traits studied, except shell thickness at 47 wk of age that was improved by Xylanase supplementation. Roberts and Choct (2006) reported that enzyme supplementation improved eggshell breaking strength in hens fed wheat diets. In contrast, Lázaro et al. (2003a) observed that diets based on wheat, barley, or rye supplemented with a β-glucanase/ xylanase enzyme complex did not affect shell weight or albumen quality. Similarly, Ciftci et al. (2003) reported no effect on shell thickness when 30% corn was substituted by wheat in diets for SCWL hens from 27 to 43 wk of age.
pH of the GIT, Ileal Viscosity, and Total Tract Apparent Retention of Nutrients
The information available on the effects of increasing levels of wheat or xylanase supplementation of the diet on the pH values of the intestinal digesta in poultry is limited. In fact, the authors have not found any published report using SCWL laying hens. The pH values of the different segments of the GIT were within the range reported for young broilers (Nir et al., 1995; Rynsburger and Classen, 2007; González-Alvarado et al., 2008; Jimenez-Moreno et al., 2009 ) and adult chickens (Herpol, 1966) and increased with age, in agreement with data of González-Alvarado et al. (2007) . The pH values were not affected by diet, in agreement with data of Frikha et al. (2011) , who did not find any effect of 50% wheat inclusion in substitution of corn on gizzard pH in 120-d-old pullets. In contrast, Engberg et al. (2004) reported that gizzard and cecal pH were reduced with xylanase supplementation of wheat-based diets in a-c Means within a column with different superscripts are significantly different (P < 0.05).
1 The enzyme preparation contained by analysis 70,100 U of xylanase/g (Lesaffre, Marquette-lez-Lille, France). The amount of xylanase added was 840, 980, 1,400, and 1,960 U/kg of feed for diets containing 0, 23, 46, and 69% wheat, respectively. The enzyme was added at expense of the whole diet.
2 SEM: 5 replicates of 6 hens per treatment from 25 to 33 wk and 5 replicates of 4 hens per treatment from 33 to 47 wk of age. 3 All of the 2-way interactions were not significant (P > 0.05), were pooled into the error term of the model, and are not reported. The enzyme preparation by analysis contained 70,100 U of xylanase/g (Lesaffre, Marquette-lez-Lille, France). The amount of xylanase added was 840, 980, 1,400, and 1,960 U/kg of feed for diets containing 0, 23, 46, and 69% wheat, respectively. The enzyme was added at expense of the whole diet.
3
42-d-old broilers. Bedford (2000) suggested that certain sugars, such as xylose and xylo-oligomers, escape enzymatic digestion in the proximal part of the GIT and enter the cecum where they might be fermented by the cecal microflora, causing a decrease in pH. In the current study, ileal viscosity increased with increases in NSP concentration of the diet and was reduced by xylanase supplementation, results that are consistent with most research conducted with wheat diets for laying hens (Lázaro et al., 2003a; Mathlouthi et al., 2003) and broilers (Choct et al., 2004) . Wheat inclusion reduced fat digestibility, consistent with data of Gutierrez del Alamo et al. (2008b) and with the increase in ileal viscosity observed. Xylanase supplementation did not affect nitrogen retention or AME n of the diet but improved fat digestibility, in agreement with data of Gao et al. (2007) in 21-d-old cocks. Also, Lázaro et al. (2003a) reported that supplementation of layinghen diets with a β-glucanase/xylanase enzyme complex improved AME n and fat digestibility in diets based on wheat. Lipids must be emulsified before digestion and absorption, a process that is hindered by viscous digesta. A decrease in digesta viscosity because of xylanase supplementation enhances the effective interaction between substrates and enzymes at the mucosal surface. Choct et al. (1996) reported that the ileal digestibility of starch, protein, and lipids was significantly depressed in broilers when wheat by-products, rich in soluble NSP, were included in the diet, but that enzyme supplementation improved nutrient digestibility. This information suggests that xylanase supplementation might improve fat digestibility by reducing intestinal viscosity. As indicated previously, the xylanase supplementation effect of the interaction between the main cereal of the diet and xylanase supplementation on fat digestibility was not significant, a finding that suggests that xylanase was effective in diets based on wheat as well as in diets based on corn.
Intestinal Enzyme Activity
The information available on the effects of increasing levels of wheat, and consequently of NSP, in the diet on endogenous enzyme activity in laying hens is scarce. In the current study, amylase, lipase, and aminopeptidase activities were higher at 47 than at 33 wk of age. An increase in the specific activity of amylase, lipase, and other enzymes in the mucosa of the small intestine with age has been reported in goslings by Shih and Hsu (2006) . Also, Tivey and Smith (1989) reported a 30% increase in aminopeptidase activity in pigs from birth to 28 d of life. The enterocytes of older birds that had longer villi secrete enzymes for a longer period of time than that of the enterocytes of young chicks that are shorter. The increase in enzyme secretion in the villi of older birds as compared with younger birds is attributed to the increase in surface area over which the enzymes are expressed rather than to an increase in enzyme production of the individual cells (Iji et al., 2001a) . Amylase activity was higher in the jejunum The enzyme preparation by analysis contained 70,100 U of xylanase/g (Lesaffre, Marquette-lez-Lille, France). The amount of xylanase added was 840, 980, 1,400, and 1,960 U/kg of feed for diets containing 0, 23, 46, and 69% wheat, respectively. The enzyme was added at expense of the whole diet.
2 SEM: 5 replicates of 6 hens per treatment from 25 to 33 wk and 5 replicates of 4 hens per treatment from 33 to 47 wk of age. 3 All of the 2-way interactions were not significant (P > 0.05), were pooled into the error term of the model, and are not reported. than in the other segments of the GIT, whereas lipase and aminopeptidase activities were higher in the ileum than in the duodenum or in the jejunum. A similar pattern of enzyme activity along the small intestine has been reported for broilers by Iji et al. (2001b) and GalGarber and Uni (2000) and for adult cocks by Majumdar et al. (1988) . Gal-Garber and Uni (2000) reported that aminopeptidase activity and protein expression in chickens increased from the proximal to the distal part of the small intestine. Similarly, Johnson et al. (1977) reported that mucosal contribution to amylase activity was higher in the proximal segments than in the caudal part of the intestine of rats, consistent with the findings of the current experiment. Also, Bird (1971) reported that the activity of amylase in domestic fowl was greater in the distal quarter part of the duodenum than of that in the proximal part. The pancreas empties into the distal end of the loop of duodenum, and consequently, higher activity of pancreatic enzymes should be expected in the distal part of the duodenum and proximal of jejunum. A significant observation of the current experiment was the presence of pancreatic enzyme activities in the upper part of the duodenum, indicative of reverse peristalsis and mixing of the digesta contents with the chime released from the gizzard.
Amylase activity increased in the duodenum with increasing level of wheat at 33 wk of age but not in the other segments of the small intestine. Also, lipase and aminopeptidase activities in the duodenum and jejunum increased as the level of wheat in the diet increased, but that of the ileum was not affected. Almirall et al. (1995) reported that supplementation with β-glucanase of a diet based on high-viscosity barley increased amylase and lipase activities as compared with those of broilers fed corn. In this respect, Ikegami et al. (1990) reported that viscous polysaccharides increased gut viscosity as well as the output of pancreatic juice and the activity of amylase and lipase in the small intestine of rats. Enzyme activity of the digesta in the small intestine depends on actual secretion of the enzyme by the pancreas and of its eventual breakdown in the GIT. Therefore, the enhanced enzyme activity observed in the duodenum with wheat inclusion might be due to either of these 2 effects or their combination. An increase in the viscosity of the digesta increases the thickening of the unstirred layer of the mucosa that may act as a barrier, preventing contact between digestive enzymes and substrates, hindering micelle formation, lipid absorption, and fat digestibility. Pettersson and Aman (1989) hypothesized that the activity of many digestive enzymes may be reduced through the coupling of the enzyme to the NSP or by physical restriction of the access of the enzymes to substrates. However, Mosenthin et al. (1994) and Zebrowska and Low (1987) did not observe any change in the secretion of pancreatic enzymes in pigs fed high-fiber diets.
In the current experiment, xylanase supplementation did not affect the activity of any of the enzymes studied in any of the segments considered. In contrast, Inborr et al. (1993) reported that the inclusion of an exogenous enzyme complex containing β-glucanase, xylanase, and amylase to diets based on wheat and barley decreased amylase activity in the small intestine of early weaned pig. These authors suggested that the observed effect on amylase activity might have resulted from the partial degradation of the arabinoxylan and the concomitant decrease in viscosity of the digesta in the small intestine. Viscosity may act as a barrier to prevent contact of digestive enzymes with their substrates, thickening of the unstirred layer of mucosa, and prevention of micelle formation required for absorption of lipids. A reduction in fat digestibility is frequently correlated with increased digesta viscosity, suggesting that viscosity could hinder enzyme and digesta contact and slow the rate of nutrient absorption.
The results of the current experiment show that up to 46% wheat can be included in layer diets without affecting egg weight, egg mass, or feed conversion, with or without xylanase supplementation. An increase in wheat inclusion to 69% (3.9% arabinoxylan) of the diet without xylanase supplementation attenuates egg weight, egg mass, FCR, and fat digestibility as compared with those of the all-corn control diet and increases the activity of the exogenous enzymes studied in the small intestine. In contrast, xylanase supplementation decreases ileal digesta viscosity and improves egg production, egg mass, and FCR as well as fat digestibility but does not influence enzyme activity. Diets with 69% wheat (3.9% arabinoxylan) supplemented with xylanase supported similar laying-hen performance than diets based on corn.
